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The fundamental observations of Sydney 
Ringer demonstrated an optimal concentration of 
electrolytes for the most effective contraction of 
the perfused frog heart. More recently similar 
relationships have been postulated or demon- 
strated for the electrical activation of the heart. 
The effect of hypocalcemia upon the electrocar- 
diogram excited some early interest, but the 
potentially vital effects of potassium excess or 
deficiency on the bodily economy, recently de- 
monstrated, has stimulated a much more practical 
and widespread interest in the possibilities of the 
electrocardiographic identification of these dis- 
turbances. 


POTASSIUM INTOXICATION 


This condition generally results from excessive 
administration or formation of potassium (crush 
syndrome, hemolytic reactions from mismatched 
transfusions, sulfonamide reactions, transurethral 
resections employing hypotonic solutions), from 
deficient renal excretion of potassium (advanced 
uremia, “lower nephron nephrosis,” carbon tetra- 
chloride poisoning), or from a combination of 
these mechanisms. The earliest change associated 
with potassium intoxication is the development 
of peaked T waves. These T waves are character- 
istically symmetrical and generally tall (Fig. 1,A). 
They may at times be of normal amplitude with 


Fig. 1. Representative in potas- 
sium intoxication. In general these changes 
are sequential. Strip A is from Lead V3. All 
others are recorded in Lead V4. 

a tent-like shape (Fig. 1,B). Once this change is 

recognized, it becomes the responsibility of the 

clinician to determine if it is static or dynamic. 


*From the Medical Clinic of the Peter Bent Brigham 
Hospital and the Department of Medicine, Harvard 
Medical School, Boston, Massachusetts. 


ELECTROLYTE IMBALANCE AND THE ELECTROCARDIOGRAM* 


Until this question is settled, frequent and re- 
peated electrocardiographic observation is im- 
perative. If the peaked waves represent a phase 
in the development of more advanced electro- 
cardiographic changes, prompt therapy is indi- 
cated. At the stage of T wave peaking the Q-T 
interval may be shortened, normal, or lengthened. 
There being no well accepted body of data for 
the lower limits of the normal Q-T interval, the 
decision that this measurement is actually abbre- 
viated rests upon the general impression and 
intuitive judgment of the electrocardiographer. 
With advancing potassium intoxication the QRS 
and P-R interval may lengthen; while the R wave 
and P wave may decrease in height; the S wave 
may increase in depth; and the RS-T segment 
may become depressed (Fig. 1,C). The intra- 
auricular, auriculo-ventricular and intra-ventricu- 
lar block thus developed may proceed simul- 
taneously or independently. In rare instances 
sino-auricular block has even been recorded. As 
the degree of potassium intoxication increases, 
the P wave increases in duration while decreas- 
ing in amplitude, and the P-R interval and the 
QRS complex lengthen (Fig. 1,D). At this stage 
the Q-T interval is prolonged (at least in propor- 
tion with the QRS duration as a result of the 
more staggered activation of units of the ventricu- 
lar myocardium). The P wave now either dis- 
appears entirely or becomes engulfed in the T 
wave of the preceding complex. Although higher 
grades of auriculo-ventricular block (partial or 
complete) have been claimed in the experimental 
animal, none has been proved in man. With the 
disappearance of the P waves the ventricular 
rhythm may become grossly irregular and the 
rate may become quite slow. Fibrillation waves 
have not been recognized at this stage; this ir- 
regularity is considered to represent either auricu- 
lar standstill or auricular fibrillation in the 
presence of potassium intoxication. If tracings 
are recorded frequently enough, they may, for a 
time, reveal changes which fulfill the criteria of 
left or right bundle branch block, but with in- 
creasing intoxication such changes are apt to be 
swallowed up in a more diffuse and profound 
type of intraventricular block (Fig. 1,E). If 
bundle branch block was present before the onset 
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of potassium intoxication, it may on the contrary 
persist throughout all or most of the period of 
poisoning. With further increase in the degree 
of intoxication the QRS complex loses its angu- 


larity and becomes progressively smoother, wider, — 


and more sinuous eventually assuming the form 
of a continuous sine wave (Fig. 1,F). At this 
stage, which is essentially one of ventricular 
flutter, the rhythm may be regular or irregular. 
With sharpening of the ventricular complexes, 
the electrocardiogram may have the appearance 
of ventricular tachycardia (Fig. 1,G). These 
mechanisms may in turn be the forerunners of 
ventricular fibrillation and death. At times a 
fatality may arise rather from ventricular stand- 
still supervening upon a slow and generally ir- 
regular ventricular rhythm with bizarre ventricu- 
lar complexes of ever diminishing amplitude. At 
any time during this sequence from peaking of 
T waves to standstill or fibrillation of the ven- 
tricles, ectopic ventricular beats may develop. 
These may be premature or post-mature (“es- 
cape”) beats. 

Earlier experimental and clinical observations 
of this gamut of changes led to the belief that a 
certain electrocardiographic appearance is closely 
correlated with a specific serum potassium level. 
Subsequent studies have shown, however, that 
this correlation is only approximate. Several con- 
ditioning factors are known to influence in one 
direction or another the electrocardiographic 
effect of a given serum potassium level. For 
example, there is convincing experimental and 
clinical evidence that the electrocardiographic 
effect of a specific elevated serum potassium level 
is enhanced by a concomitantly depressed sodium 
level and antagonized by a concomitant normal 
serum sodium level. Similar relationships are 
well established for calcium, lowered serum cal- 
cium likewise augmenting and normal serum 
calcium combatting the electrocardiographic ef- 
fect of a given elevated serum potassium level. 
As indicated below, acidosis and alkalosis may 
also have profound effects. It is probable that 
these are only a few of many chemical factors 
which are capable, in a much more complicated 
manner than originally suspected, of modifying 
the electrocardiographic manifestation of a given 
serum potassium level. The electrocardiogram, it 
is felt, reflects the totality of all ionic influences 
at the myocardial cell membrane which here 
functions as an “indicator” or “end organ.” Ex- 
cepting in one or two isolated cases, experience 
at the Peter Bent Brigham Hospital has indicated 
that the electrocardiogram ‘indicates much more 
faithfully than any chemical determination just 
how serious is the clinical threat to the life of 
the patient. For this reason the more comprehen- 
sive and clinical designation “potassium intoxica- 
tion” is preferred to the more limited and chemi- 
cal term “hyperkalemia” or “hyperpotassemia.” 
In view of the multiplicity of modifying factors 
the term used in the title of this review, namely, 
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“electrolyte imbalance,” might be considered 
preferable to “potassium intoxication.” Being 
more specific, and carrying certain clinical and 
therapeutic implications, the latter designation, 
however, is favored. 


‘POTASSIUM DEPLETION 


Potassium depletion is about five times as fre- 
quent in general hospital practice as potassium 
intoxication. This condition may result from ex- 
cessive elimination or inadequate intake of potas- 
sium, in conditions associated with abnormal 
transfers of potassium or from combinations of 
these mechanisms. Potassium depletion may thus 
develop because of vomiting, naso-gastric suc- 
tion, gastro-intestinal fistulae, intestinal intubina- 
tion, and diarrhea or may occur following copi- 
ous diuresis or during intravenous infusion of 
fluids with inadequate potassium content. It also 
may occur in some patients with chronic renal 
disease, in exacerbations of familial periodic 
paralysis, and in Addison’s disease being treated 
with desoxycorticosterone acetate. In the presence 
of potassium depletion the electrocardiogram may 
show changes which may be compatible with, 
suggestive of, or, at times, distinctive of potas- 
sium depletion, but there is no single electrocar- 
diographic feature which may be said to be 
The T wave generally becomes 
owered, flattened, or inverted (Fig. 2,A). The 
Q.-T interval may become lengthened. If not pre- 
viously present, a U wave may appear; if previ- 


Fig. 2. Representative electrocardiograms in potas- 
sium depletion. These tracings are not nec- 
essarily sequential. 


ously present the U wave may become broader 
and at first relatively taller (Fig. 2,C,F,), later 
absolutely taller (Fig. 2,G,H). Because of the 
simultaneous operation of these two changes, 
namely decreasing T waves and increasing U 
waves, it appears that the U wave grows at the 
expense of the T wave. At one stage during this 
development the T and U waves may be approxi- 
mately equal, imparting to the T-U segment the 
double-humped contour of a Bactrian camel. 
Occasionally, at the same time the T wave itself 
may be notched. Combined with a prominent U 
wave, the T-U segment may then have a triple 
contour resembling a rolling countryside (Fig. 
2,D). Later the U wave may dominate the TU 
segment (Fig. 2,H), be mistaken for a T wave 
and, as pointed out by Lepeschkin,? lead to the 
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erroneous impression of a prolonged Q.-T interval. 
The Q-T interval is preferably measured in Leads 
Ve to V4, since the QRS complex begins earlier 
and the distinction between T and U wave is 
generally clearest in that region of the precor- 
dium. Where there is doubt whether a suspicious 
undulation represents a T or a U wave, it has 
been recommended that the electrocardiograms 
be recorded simultaneously with a phonocardio- 
gram obtained at the cardiac base where the 
aortic sound is best heard. A summit preceding 
the second sound is a T wave; one following the 
second sound, a U wave. Doubt whether the sec- 
ond of a pair of summits is a T or a U wave may 
also be resolved by measuring the time between 
the two summits. If this period measures less 
than 40% of the time from the beginning of the 
QRS complex to the second summit, then this is 
the second notch of a T wave; if more than 40%, 
this is a U wave.? 

At any stage during this sequence depression of 
the RS-T segment may occur (Fig. 2,B,C,E-H). 
This change may be slight or pronounced and 
may proceed concomitantly with the changes 
described above. Occasionally the sagging RS-T 
segment may be confused with that produced by 
digitalis. Attention to the Q-T interval may help 
to differentiate between the two. In the presence 
of a shortened Q-T interval digitalis is a more 
likely cause; if the Q-T interval is lengthened, 
potassium depletion is more likely. It seems likely 
that, when a potassium-depleted individual has 
been receiving digitalis or a digitalized individual 
becomes potassium-depleted, the resultant Q-T 
interval is the result of a competition between 
these forces. 

In a few cases the P-R interval has become 
prolonged. The rare reports of intraventricular 
block are probably explained on other grounds 
than potassium depletion. Nodal rhythm has been 
observed during a number of cases. Various ar- 
rhythmias, particularly supra-ventricular tachy- 
cardia, may be precipitated during potassium 
loss, whether or not the patient has been digi- 
talized, and be specifically eliminated when that 
loss is restored. But it is principally the various 
arrhythmias resulting from digitalis poisoning 
which may be induced in individuals hitherto 
successfully carried on maintenance doses of 
digitalis without toxicity when, for one reason or 
another, they become depleted of potassium. The 
arrhythmias produced include auricular or ven- 
tricular premature beats, nodal tachycardia 
(“idio-ventricular rhythm”), interference with 
dissociation, and, notably, paroxysmal auricular 
tachycardia with block. 

The electrocardiographic sequence of potas- 
sium depletion supervening upon potassium in- 
toxication is not extremely rare. This has been 
observed after a brisk diuresis following renal 
shutdown and in diabetic coma before and after 
insulin therapy. 

The electrocardiogram is frequently of decided 


assistance in the clinical detection of potassium 
depletion. It may indeed furnish the first clue to 
its development. Chemical determination of the 
serum potassium level may also be helpful. The 
electrocardiogram may reveal suggestive evidence 
of potassium depletion when the serum potassium 
level is normal; contrariwise the serum potas- 
sium level may be depressed when the electro- 
cardiogram is within normal limits. A combina- 
tion of the two techniques can disclose more 
cases than either alone. Since there is no evidence 
that either of these parameters is superior to the 
other, they should be regarded as complementing 
one another. But since there are some 4,000 
electrocardiographs in active operation in this 
country and only a limited number of flame photo- 
meters, the former are clearly more available. 

Experience has been that neither the serum 
potassium level nor the calculated intracellular 
potassium level can regularly be demonstrated to 
determine the electrocardiographic appearance. 
The entirely plausible, but as yet unproved, 
opinion has therefore frequently been expressed 
that the electrocardiogram must be the resultant 
of forces operating across the surface membrane 
of the cardiac muscle cell. This is based upon 
the Bernstein “double layer” theory, postulating 
opposing electrical charges at this interface. The 
charges on the outside of the cell membrane 
(approximating serum level) and on the inside 
of the cell membrane (intracellular concentra- 
tion) would then each be important. When it is 
remembered that our knowledge regarding intra- 
myocardial cell potassium concentration is frag- 
mentary and that potassium is only one of a 
group of ions which, to a greater or lesser extent, 
may influence this potential difference, it can be 
appreciated how difficult a task will be the even- 
tual demonstration of this hypothesis. 


HYPOCALCEMIA AND HYPERCALCEMIA 


Hypocalcemia is generally associated with 
lengthening of what has been considered to be 
the Q-T interval. The fact that in the phonocar- 
diogram Az is often registered long before the 
completion of this prolonged “Q-T interval” is 
held up to warn us against confusing mechanical 
and electrical events. If the criteria described 
above are reliable, then one must assume that in 
many cases the apparent Q-T interval may ac- 
tually be a Q-U interval. It is taught that in 
hypocalcemia the prolonged Q-T interval results 
from a prolonged iso-electric segment between 
the end of the QRS complex and the beginning 
of the T wave whose onset is merely delayed; 
the T wave itself is not involved. By contrast the 
prolonged Q-T interval of potassium depletion is 
said to be associated with changes in the S-T 
segment, beginning immediately upon comple- 
tion of the QRS complex. The RS-T segment may 
be depressed, or the baseline may immediately 
show a slow gentle rise to the apex of the T wave. 
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The T wave is thereby widened. These are good 
general working rules but are not invariably 
reliable. The combination of prolonged Q-T in- 
terval (hypocalcemia) with tall T waves (potas- 
sium intoxication or acidosis or both) is the most 
characteristic electrocardiographic feature of 
uremia.® 

Just as hypocalcemia is associated with a pro- 
longed Q-T interval, hypercalcemia is said to be 
associated with a shortened Q-T interval. Two 
cases of multiple myeloma with high total (and 
calculated ionic) serum calcium levels were ob- 
served personally in which the QRS complex and 
Q-T interval were prolonged and the RS-T seg- 
ment depressed. Bradycardia, sinus arrhythmia, 
variation of the pacemaker, auricular fibrillation, 
various degrees of auriculo--ventricular block, 
bizarre ectopic ventricular beats, and flattening 
or inversion of P or T waves have been observed 
during or following calcium infusion; but the 
regularity and order of these changes has not 
been established in man. There is strong experi- 
mental and clinical evidence that calcium may 
potentiate or precipitate digitalis intoxication. 
This may be an indirect effect through the cal- 
cium-potassium relationship. At any rate the use 
of calcium in a digitalized patient should there- 
fore be regarded as hazardous. 


ACIDOSIS AND ALKALOSIS 


Acidosis per se is capable of making the T 
waves tall and peaked, resembling the T waves 
of potassium intoxication even in the presence of 
potassium depletion. Potassium intoxication is 
commonly associated with acidosis. Contrariwise 
alkalosis per se can lower the T waves and pro- 
long the Q-T interval even when the calcium 
level is normal. Potassium depletion is commonly 
associated with a persistent alkalosis. But it has 
not yet been clearly established to what extent 
the electrocardiographic effect of acidosis or of 
alkalosis is dependent upon the concomitant po- 
tassium level. Hyperventilation may be associated 
with a decreased amplitude or inversion of the 
T waves. It is not clear whether these changes 
result from alkalosis, from changes in ionized 
serum calcium, or by way of certain vague mech- 
anisms which seem capable of altering the T 
wave in neuro-circulatory asthenia, or through 
concomitant changes in other electrolytes. 


MISCELLANEOUS EFFECTS 


Although magnesium has been used for some 
time in the treatment of paroxysmal tachycardias, 
relatively little attention has been devoted to its 
electrocardiographic effects. Magnesium has been 
reported to slow the sino-auricular node, to slow 


the rate of experimental auricular flutter, and 
eventually to restore normal sinus rhythm and to 
abolish toxic rhythms produced by digoxin.* The 
effects of pure sodium or chloride depletion, of 
dehydration, or of changes in blood volume are 
still uncertain. 


CLINICAL CONSIDERATIONS 


In experimental manipulations where, for 
example, the serum potassium level, and little 
else, is deliberately changed, it seems quite rea- 
sonable to attribute the electrocardiographic 
alterations recorded to the induced chemical 
changes. But since changes, identical or similar 
to those brought about by electrolyte shifts, may 
also be produced by a host of other mechanisms, 
the electrocardiographer must often be satisfied 
merely with a listing of possible causes, including 
electrolyte imbalance. Occasionally the totality of 
a number of changes may make the electrocardio- 
gram quite characteristic of a given type of elec- 
trolyte imbalance. For example,- there are rela- 
tively few conditions other than potassium 
depletion which decrease the T wave area while 
increasing the U wave area and depressing the 
RS-T segment. Furthermore tall peaked T waves 
quite similar to those observed in potassium in- 
toxication may at times be detected in certain of 
the precordial leads in early acute posterior or 
postero-lateral myocardial infarction. Generally 
the clinical set-up in which this change develops 
renders one or the other of these possible causes 
absurd. Two recent cases were observed, how- 
ever, in which potassium intoxication developed 
as a complication of anuria complicating acute 
myocardial infarction. Such a sequence, however, 
is extremely rare. A possible relationship of the 
peaked T waves of myocardial infarction to the 
reported increase in the serum potassium level of 
acute infarction® has not yet been explored. 


Harotp D. LEvINE 
Boston, Massachusetts 
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